An economical and facile green method for the synthesis of nanoparticles was employed to prepare silver and copper oxide nanostructures using L-ascorbic acid as the reducing agent. The effect of pH on the resulting nanoparticles was studied. The results show that with increased solution pH, the nanoparticles are larger, in the range of 19-50 nm for silver and 5-30 nm for copper oxide. The interplanar distances and selected area electron diffraction patterns show that both kinds of nanoparticles are highly crystalline. The silver nanocrystals present face-centered cubic structure, while the copper oxide nanoparticles have monoclinic structure. These results agree with those obtained in the electrochemical study since the peaks of the oxidation-reduction pairs correspond to Ag 0 /Ag + for silver and Cu 0 /Cu + and Cu + /Cu 2+ for copper. Finally, the smallest copper oxide nanoparticles presented high antibacterial activity comparable with that of a conventional drug.
INTRODUCTION
A nanoparticle in any of its presentations (nanopowder, nanocluster or nanocrystal) is a particle with a diameter between 1 and 100 nm. Nanoparticles are important technological and scientific materials that are being explored in various fields, such as medicine, electronics, food, fuel cells, solar cells, space, coatings, paints, water treatment, etc.; their importance lies in the difference between these materials and bulk materials due to the nanoparticle properties, which depend to a great extent on their size and shape. Nanoparticles can be classified into different types according to their size, morphology, physical and chemical properties. Some such types include carbon-based nanoparticles, ceramic nanoparticles, metal nanoparticles, semiconductor nanoparticles, polymeric nanoparticles and lipid-based nanoparticles. In particular, metallic and semiconductor nanoparticles have gained great popularity in recent years due to their wide fields of application, such as biomedical applications [1] for the release of drugs, sensor devices or cancer treatment; paints [2] ; electronics [3] ; and antimicrobial functions [4] , among others. In this sense, silver nanoparticles (AgNPs) and copper oxide nanoparticles (CuONPs) are the most used and have been applied in many consumer products owing to their excellent properties, especially antimicrobial activity and biochemical detection. However, their synthesis usually involves a chemical reduction reaction where toxic chemicals are used. For that reason, more sustainable methods, which are known as "green synthesis", have been proposed. These methods use green materials that are generally found in nature, mainly in plant extracts [5, 6] , or other environmentally friendly compounds, such as ascorbic acid or chitosan, which can work as reducing and/or capping agents [7] . In this work, an economical and reproducible green method to synthesize AgNPs and CuONPs based on the use of simple equipment and few non toxic reagents was developed. This research is supported by measurements of the antimicrobial activity of the nanoparticles, as well as electrochemical, optical and structural analysis.
MATERIALS AND METHODS

Materials
All materials were reagent grade and were used as received. Copper nitrate (99%), silver nitrate (99.3%), sodium citrate (99.3%) and nitric acid (70%) were purchased from Fermont. L-ascorbic acid (99.9%), acetic acid (99%) and sodium hydroxide (96%) were purchased from ICR, and chitosan with medium molecular weight was purchased from Sigma Aldrich.
Synthesis of nanoparticles
Synthesis of silver nanoparticles
The synthesis of silver nanoparticles was carried out using a procedure similar to that reported by Suriati et al. [8] . Then, 0.1 ml of 0.1 M silver nitrate solution was added to 10 ml of a solution containing 8 ml of 6x10 -4 M ascorbic acid and 2 ml of 3x10 -3 M sodium citrate at room temperature;
the mixture was kept in constant agitation until a change in color from transparent to black was observed. Once the aforementioned reagents were mixed, the mixture was kept at 100 °C for 2 h using a reflux system. The synthesis was carried out at different pH values (3, 7 and 10) to evaluate the effect of pH on the size and morphology of the nanoparticles.
Synthesis of copper oxide (CuO) nanoparticles
The procedure reported by Zain et al. [5] was modified to synthesize CuONPs: 10 ml of 0.2 M copper nitrate solution was mixed with 4 ml of 1% w/v chitosan and 4 ml of 1 M ascorbic acid. Before the experiment, the solutions were bubbled with nitrogen for 5 min; the pH was adjusted to 3, 7 and 10 using sodium hydroxide and/or nitric acid to evaluate the effect of pH on the size and morphology of the nanoparticles. After mixing, the solutions were stirred at 60 °C for 30 min and finally at 100 °C for 2 h using a reflux system.
Electrochemical, optical and structural characterization
Electrochemical tests were performed in a PAR 263A potentiostat-galvanostat with a threeelectrode cell using platinum, silver wire and Ag/AgCl as the working electrode, counter electrode and reference electrodes, respectively. A 0.3 M HCl solution was used as the electrolyte with a scan rate of 100 mV/s. The nanoparticles were characterized by ultraviolet-visible (UV-Vis) spectrophotometry in a UNICO 2802 instrument. The microstructural characterization of nanoparticles was carried out by scanning electron microscopy (SEM) using a JEOL JSM7401F field emission microscope operated at 25 kV. Transmission electron microscopy (TEM) was performed using a HITACHI HT7700 microscope operated at 80-100 kV. High-resolution transmission electron microscopy (HRTEM) was performed using a JEOL JEM-2200FS+CS microscope operated at 200 kV. Selected area electron diffraction (SAED) patterns were acquired using this microscope with a camera length of 80-100 cm and an image resolution of 150 pixels/inch. For TEM and HRTEM analysis, samples were prepared in copper (for Ag samples) and nickel (for CuO samples) grids by the dropping method and allowed to dry under a tungsten filament lamp for 5 min.
Antimicrobial activity
The antimicrobial activity of the AgNP and CuONP solutions was tested with both Gramnegative (Escherichia coli ATCC 25922) and Gram-positive (Staphylococcus aureus ATCC 29213) bacteria according to the agar well diffusion method. Briefly, a 100 µl aliquot of bacterial suspension (1x10 8 UFC/ml) was uniformly spread onto the surface of Muller-Hinton agar. Then, the wells were punched with a sterile tip (6 mm). The wells were filled with 50 µl of nanoparticle solution, and the plates were incubated at 35 ± 2 ºC for 24 h. A ceftriaxone (30 µg/ml) disk was used for quality control. The antimicrobial activity was expressed as the growth-inhibition zone diameter (cm) and was calculated by using the following formula: inhibition zone = total diameter of growth-inhibited zone minus diameter of the well. The test was performed in triplicate. All data were processed by ANOVA with Tukey´s and Dunnett's tests using Minitab software (version 18.0) to determine the significance of the difference between means. A p < 0.05 value was considered statistically significant. Figure 1a shows the UV-Vis spectra of AgNPs synthesized at pH 7 and 10, where surface plasmon resonance (SPR) characteristic of this material was observed at 409 nm for both systems. The maximum absorption peak for AgNPs is typically reported in the region of 350-450 nm [9] . Shifts or shape changes in the SPR band and changes in absorbance values (increases or decreases) can be related to changes occurring in the solution; in this case, it is expected that the nanoparticles obtained at pH 10 will present a larger size interval than those synthesized at pH 7. It was not possible to obtain the characteristic peak for samples synthesized at pH 3 because this pH value does not favor the formation and growth of nanoparticles. This effect can be attributed to the stability of silver nanoparticles, which depends on the working solution pH; the nanoparticle growth can be stopped. These nanoparticles are unstable in acidic media and can be formed easily in basic media, where hydroxylic groups are predominant, as reported by Hussain et al. [10] . On the other hand, copper oxide nanoparticles were obtained for all the pH values studied, with an absorbance peak of 295 nm for pH 3 and pH 7 and a peak of 294 nm for pH 10, which is the characteristic band of CuO [11, 12] . The UV-Vis spectra are very similar in shape and λmax value, but the pH affects the width of the absorption peaks. This effect indicates that the size and distribution of nanoparticles is affected by pH, as seen in the structural characterization results.
RESULTS AND DISCUSSION
Optical characterization
Structural characterization
SEM, TEM and HRTEM analysis revealed that both the silver and copper oxide nanoparticles are nearly spherical in shape, as shown in Figures 2 and 3 , respectively. For both kinds of nanoparticles, the higher the pH is, the larger the particle size. Indeed, the average particle size of AgNPs is 29.9 ± 10.8 nm and 43.4 ± 13.2 nm at pH 7 and pH 10, respectively, while the average size of CuONPs is 1.7 ± 0.3, 2.6 ± 0.2 and 5.1 ± 0.7 nm for a pH of 3, 7 and 10, respectively. Figure 2 shows AgNPs synthesized at pH 10. Figure 2a shows an SEM image of AgNPs, whose composition was confirmed by energy-dispersive spectroscopy (EDS) coupled to a microscope (inset in Figure 2a) . Figure 2b presents a TEM micrograph of a set of Ag nanoparticles, showing that their shape is essentially spherical. Figure 2c displays a representative HRTEM image of a silver nanoparticle, where the interplanar distance was calculated to be 0.252 nm (inset in Figure 2c ), which matches the {1,1,1} lattice planes of the face-centered cubic (fcc) structure of silver. Figure 2d shows the SAED pattern indexed with the help of Process Diffraction software [13] ; the diffraction rings can be indexed to the (1,1,1), (2,0,0), (2,2,0) and (3,1,1) planes of the silver fcc structure. These results indicate that the AgNPs possess high crystallinity. Figure 3a shows an SEM image of a CuONP cluster; the composition of the nanoparticles was confirmed by EDS (inset in Figure 3a) . Figure 3b presents a TEM micrograph of a set of spherical CuO nanoparticles, which are surrounded by a layer of chitosan (see detail in inset). Figure 3c shows an HRTEM image of several copper oxide nanoparticles; the interplanar distances were calculated as 0.239 and 0.200 nm (inset in Figure 3c) , which match the {1,1,1} and {-1,1,2} lattice planes of the monoclinic structure of copper oxide, respectively. Figure 3d shows the SAED pattern indexed by Process Diffraction software [13] ; the diffraction rings are associated with the (1,1,0), (1,1,1), (2,0,0), (-1,1,3), (1,1,3 ), (2,2,0) and (2,2,2) planes of the copper oxide monoclinic structure. The diffraction pattern confirms that the CuONPs possess high crystallinity. Figure 4 shows the cyclic voltammograms corresponding to silver (Figure 4a ) and copper oxide (Figure 4b ) nanoparticles. The oxidation-reduction peaks in Figure 4a are particularly clear. The anodic peak corresponds to the oxidation reaction Ag 0 → Ag + + e -, while the cathodic peak is related to the opposite reaction, Ag + + e -→ Ag 0 . The oxidation peaks are located at 93 and 99 mV for pH 7 and pH 10, respectively. Moreover, reduction peaks appear at -32 and -37 mV, similar to those reported by Dobre et al. [14] , with the difference that previous authors performed cyclic voltammetry using 0.1 M KNO3 solution at a higher scan rate. The cyclic voltammograms of CuONPs present two distinguishable steps of oxidationreduction, with the peak values strongly dependent on the synthesis conditions. The first anodic peak, observed at -33, -30 and -63 mV for a pH of 3, 7 and 10, respectively, corresponds to the reaction Cu 0 → Cu + + e -. Table 1 shows the sizes of the bacterial growth inhibition zones of the different AgNP and CuONP solutions; only the CuONP solution at pH 3 exhibited growth inhibition for both bacteria at different levels (p = 0.025) ( Figure 5 ). The antimicrobial activity of the CuO solution (pH 3) was different from that of an antimicrobial drug against the bacterial species evaluated (p = 0.002). However, the CuONP solution at pH 3 reached a biocidal power similar to that of the conventional drug against S. aureus (Table 1) . These findings suggest the use of CuONPs synthesized in a pH 3 solution as a potential antimicrobial agent. The smaller size and homogeneous morphology of the nanoparticles are consistent with their excellent antimicrobial activity (Table 1 ). In addition, the CuONP solution reaches inhibition levels similar to those of a conventional antimicrobial drug. Several studies have reported the biocidal efficacy of silver and copper oxide nanoparticles, which is dependent on the synthesis conditions, metal type, concentration, particle size, and stability [17] [18] [19] [20] . Furthermore, some researchers have highlighted a better antimicrobial effect of copper oxide nanoparticles on both types of bacteria compared to silver nanoparticles [21, 22] . Although the structures of the bacterial cell walls are different and the biocidal effect could be dependent on the bacterial species, the CuO nanoparticles have the potential to cause cell death as a consequence of electrostatic interactions between the liberated metal ions and the negatively charged bacterial cell wall, subsequent disruption of the cell membrane and protein denaturation [21] .
Electrochemical study
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CONCLUSIONS
The present study reported a simple, low-cost and eco-friendly green approach for the synthesis of silver and copper oxide nanoparticles of different sizes depending on the pH used. Optical and structural characterization revealed that the formation of crystalline silver nanoparticles is favorable at high pH (7) (8) (9) (10) . For the copper oxide nanocrystals, a monoclinic structure can be obtained from pH 3 to pH 10. For both systems, the particle size increased with increasing pH. According to the cyclic voltammetry results, only one redox pair, Ag 0 /Ag + , is present for the silver nanoparticles, while for copper oxide nanoparticles, there are two redox pairs, Cu 0 /Cu + and Cu + /Cu 2+ . Finally, using microbiological tests, it was determined that CuO nanoparticles of smaller size have antibacterial activity against prominent pathogen bacteria, such as E.coli and S.aureus, with a similar effect to that of a conventional drug, and could therefore potentially be used in medicinal applications.
